Purpose To investigate indoor particulate matter (PM) level and various indoor air pollution exposure, and to examine their relationships with risk of lung cancer in an urban Chinese population, with a focus on non-smoking women. Methods We conducted a case-control study in Taiyuan, China, consisting of 399 lung cancer cases and 466 controls, of which 164 cases and 218 controls were female non-smokers. Indoor PM concentrations, including PM 1 , PM 2.5 , PM 7 , PM 10 , and TSP, were measured using a particle mass monitor. Unconditional logistic regression models were used to calculate odds ratios (ORs) and 95 % confidence intervals after adjusting for age, education, annual income, and smoking. Results Among non-smoking women, lung cancer was strongly associated with multiple sources of indoor air pollution 10 years ago, including heavy exposure to environmental tobacco smoke at work (aOR = 3.65), high frequency of cooking (aOR = 3.30), and solid fuel usage for cooking (aOR = 4.08) and heating (aOR coal stove = 2.00). Housing characteristics related to poor ventilation, including single-story, less window area, no separate kitchen, no ventilator, and rarely having windows open, are associated with lung cancer. Indoor medium PM 2.5 concentration was 68 lg/m 3 , and PM 10 was 230 lg/m 3 . PM levels in winter are strongly correlated with solid fuel usage for cooking, heating, and ventilators. PM 1 levels in cases are more than 3 times higher than that in controls. Every 10 lg/m 3 increase in PM 1 is associated with 45 % increased risk of lung cancer. Conclusions Indoor air pollution plays an important role in the development of lung cancer among non-smoking Chinese women. 
522,050 and 452,813 in China [1] . Although the etiology of lung cancer has been well-studied and illustrated in Western populations, the reasons for high lung cancer incidence among Chinese remain unclear and need to be fully studied.
Tobacco smoking, the most critical risk factor for lung cancer in Western nations, seems to play a less important role in the development of lung cancer in Chinese, because Chinese males, with high smoking prevalence (67 %), have relatively low lung cancer incidence (53.2/100,000), and Chinese females, with low smoking rates (4 %), have relatively high lung cancer incidence (21.1/100,000) in China. Smoking contributes to 75 % of male lung cancer and 18 % of female lung cancer in China [2] . This suggests that other important risk factors contribute to the disease in this population, particularly among Chinese females.
Indoor air pollution has been suspected to be important in the development of lung cancer. However, exposure assessment of indoor air pollution has been challenging, since various indoor activities and living habits, such as passive smoking, use of solid fuel, and inadequate ventilation systems, produce numerous air pollutants. Air borne particulate matter (PM) is a complex mixture of solid and liquid particles of various size and composition. PM is a critical portion of air pollution and has long been known to increase the risk of morbidity and mortality from cancer and other diseases [3] [4] [5] . PM is classified according to aerodynamic diameter into coarse (2.5-10 lm, PM 10 ), fine (0.1-2.5 lm, PM 2.5 ), and ultrafine (B0.1 lm, PM 1 ). Different sizes of PM are from different sources and human activities. PM has been widely used to monitor outdoor air pollution, but not indoor air pollution. Very limited studies have reported indoor PM level in China because of difficulties in monitoring and lack of historical data. Given the complicated nature of indoor air pollution, PM may well represent overall indoor air pollution levels and be worth fully studying.
To better understand the role of indoor air pollution in the development of lung cancer among Chinese females, the current case-control study is designed to explore the relationship between indoor activity, living habits, housing characteristics and the risk of lung cancer among Chinese, with a focus on Chinese female non-smokers. The study also investigated household PM exposure levels and their association with various indoor risk factors.
Materials and methods

Study design and participants
A case-control study was conducted in Taiyuan city, the capital of Shanxi province. Prior to the initiation of the recruitment, IRB approvals were obtained from Fudan University (IRB#04-10-0022) and UCLA (IRB#11-003153), respectively.
Cases recruitment
Eligible cases were lung cancer patients diagnosed in Shanxi Tumor Hospital between 2005 and 2007. The hospital has about 70 % of the cancer patients from the city. Prior to the initiation of the study, study staffs set up a fast report system through which any newly diagnosed lung cancer case was reported to the department of medical record in the hospital. Our study staff will be immediately noticed and he/she will ask permission from doctor for contacting patients. The eligible patients must be newly diagnosed, 20 years of age or older, have lived in Taiyuan city for 10 years or more, in stable medical condition and willing to participate. Consent forms were obtained before interview. The study recruited a total of 399 lung cancer patients (response rate was 89 %), all of whom completed the study questionnaire. About 33 % of female cases and 21 % of male cases are adenocarcinoma. About 13 % of female cases and 33 % of male cases are squamous cell carcinoma. Small cell carcinoma accounts for 16 % of female cases and 13 % of male cases.
Controls recruitment
We selected thirteen communities that cover the most areas of Taiyuan city. Study personnel randomly selected controls from resident list of each community to match cases according to the distribution of age and gender. Eligible controls were 20 years of age or older, must have lived in Taiyuan city for 10 years or more, and had no history of cancer or any other serious chronic disease. Four hundred and sixty-six healthy individuals were willing to participate and completed the questionnaire (response rate was 85 %).
Epidemiologic data collection
All patients were interviewed at the hospital, and all controls were interviewed in community health service centers. The questionnaire includes demographic factors, residence and housing history, living habits and indoor activities, dietary and cooking habits, active and passive smoking history, alcohol drinking habits, tea drinking habits, occupational history and related exposure, physical activities, and disease history.
Indoor PM measurement
Participants were asked to have their home PM level measured. After obtaining permission from participants, professional staff from Taiyuan CDC scheduled a home visit to measure their indoor PM levels. Particle mass monitor (Met One Ò 531 AEROCET Particulate Profiler, Met One Instruments, Inc. Grant Pass, Oregon) was used to measure the concentration of household PM in a subset of cases (75) and controls (337). PM with the following size ranges were measured: PM 1 , PM 2.5 , PM 7 , PM 10 , and TSP, along with temperature and relative humidity. The measured concentration range is up to 1 mg/m 3 . For each participant, we measured indoor PM levels twice in the year when they were recruited, one in winter and one in summer. All measurements were conducted in morning between 9 and 12. Each time, two repeated PM measurements were conducted in the living room, bedroom, and kitchen, respectively. Each measurement took about 5 minutes. Five minutes break was given between two measurements. All PM measurement data stored in the monitor were transferred to computer at the end of the day.
Statistical analysis
All statistical analyses were performed using SAS software (version 9.1). The associations of indoor air pollution exposure with risk of lung cancer were analyzed using unconditional logistic regression models. Odds ratios (ORs) and 95 % confidence intervals were estimated for each independent variable. Adjusted ORs (aORs) and 95 % CIs were calculated after adjusting potential confounding factors, including age, education level, annual personal income, and pack-years of smoking. Wilcoxon rank-sum test was used to examine associations between PM level and indoor risk factors and also to compare PM levels between cases and controls. The indoor PM level was further evaluated as continuous variables in the unconditional logistic regression model after adjusting confounding factors. Results are reported as the changes in risk of lung cancer per 10 lg/m 3 .
Results
General information of cases and controls
A total of 399 cases (197 females and 202 males) and 466 controls (232 females and 234 males) were recruited in the study. No significant difference in age distribution was found between cases and controls. Female controls had higher education and annual income than female cases. Both male and female controls had higher annual income than cases ( 10 , and TSP, respectively. When we compare PM levels between cases and controls, we found that during winter, cases had much higher PM levels than controls, but a significant difference was only observed at the PM 1 level (Fig. 2) . In the further analyses using continuous PM measurements, every 10 lg/m 3 increase in PM 1 is associated with 45 % increased risk of lung cancer (p \ 0.01). We further explored the association between indoor risk factors and PM level in female. Solid fuel for cooking, ventilator usage in kitchen, solid fuel for heating were significantly associated with PM levels in the bedroom and kitchen during winter, but not in summer (Fig. 3) .
Discussion
Active and passive smoking and risk of lung cancer China is one of the countries with the highest tobacco consumption in the world. One in three cigarettes smoked in the world today is smoked in China. China has 300 million male smokers and 20 million female smokers [6] . In this study population, smoking rate is 6 % in female controls and 16.8 % in female lung cancer cases, which are much lower than that in Western females (30 %) . This study found a moderate association between smoking and lung cancer risk in females (aOR = 2.52), which is lower than that found in males (aOR = 5.01). When we further analyzed pack-years of smoking, for those who smoked more than 20 pack-years, the association with the disease in females is strong (aOR = 5.42) and close to that in males (aOR = 6.32). Our results are similar to other studies in Asian populations [7] , but ORs are smaller than what was found in Western populations (OR 15-30) [8] .
The potential reasons include the fact that half of Chinese female smokers start to smoke later than 32 years, half of male smokers start to smoke older than 20 years, while most US smokers start their regular smoking between 11 and 14 years of age [9] . Those who start to smoke at earlier ages tend to have greater likelihood of becoming a heavier smoker and remaining a smoker for longer years [8, 10] . Duration of smoking has a much stronger association with lung cancer risk than daily consumption [11] . Second, in the Chinese population, a smoker is likely to be a tea drinker. In the current study, about 63 % of male smokers were tea drinkers, which is much higher than in male nonsmokers (45 %). Tea drinking became an important confounding factor in the analysis of smoking and lung cancer because tea drinking was found to be protective against various cancers [12] [13] [14] [15] [16] , which was verified in this study, with an aOR of 0.5 in non-smokers and 0.45 in smokers. Thus, the confounding effects might have led to the underestimation of the association between smoking and lung cancer. Third, inherited susceptibility to lung cancer in the Chinese population might be different from Western populations, especially in those genes involved in smokingrelated metabolic enzymes and the DNA repair pathway. Hence, unlike the United States where active smoking is responsible for 90 % of lung cancers [8] , contribution of smoking in Chinese population, in particular Chinese females, is relatively low. Smoking only can explain 17 % of female lung cancer in this study and it is strongly related to squamous cell carcinoma. But in Chinese females, adenocarcinoma is the major histological type and has been increasing in the last decades [17] . This indicates that most female lung cancer cases are caused by exposures other than active smoking.
Smoking-related public education in China is far behind that of Western nations. Smoking-control policy has not been effectively implemented in the country. The smoking rate in males remains high (71.4 % in healthy controls), which exposes the majority of women to environmental tobacco smoke (ETS). In non-smoking females exposed to heavy ETS at work or home, risk of lung cancer increased to 1.98 (95 % CI 1.12-3.51). Interestingly, the study shows that female non-smokers who were exposed to heavy passive smoking at work had 2.7-fold increased risk of lung cancer, although only 12 % of cases were exposed to it. The results support findings from most previous studies in Chinese populations [18] . ETS exposure at work has been a worldwide concern [19] . In China, it is very common that many people share a small office or a working space. An indoor smoking ban is rarely set up or applied. Smokers also tend to smoke together as an indoor social activity without considering non-smokers. Work places are often small, crowded, and poorly ventilated. Although more than 62 % of women are married to smoking husbands, our study did not find that exposure to smoking at home significantly increased lung cancer risk. Our results are consistent with a recent meta-analysis using 16 case-control studies [20] and the only cohort study in the Chinese population [21] , but different from results observed in some other previous studies, which found 15-30 % increased risk associated with marriage to a smoker [22] [23] [24] [25] [26] . First, compared to the time spent at work, the time that most Chinese males spent at home, excluding sleeping hours, might be much less. Second, males might smoke less frequently at home than at work, where they have greater Smoking is one of the major sources of indoor air pollution. Passive smokers are not only exposed to exhaled mainstream smoke, but also sidestream smoke, and sidestream smoke can emit at least 17 higher-level carcinogens than mainstream smoke [27] . Passive smoking contributes significantly to total level of PAHs and benzo(a)pyrene diol epoxide, both of which are directly associated with lung cancer [28, 29] . Worldwide, 40 % of children, 33 % of male non-smokers, and 35 % of female non-smokers were exposed to second-hand smoke in 2004. This exposure was estimated to have caused 603,000 deaths, about 1.0 % of worldwide mortality, among which 21,400 deaths are from lung cancer [30] .
Indoor air pollution exposure and lung cancer among female non-smokers Solid fuel includes biomass, coke, coal, and other coalrelated products. The current study found that solid fuel for cooking or heating is associated with higher risk of lung cancer. The results are similar to those of previous studies in Chinese populations [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Individuals who have burned solid fuel (mainly coal, honeycomb coal and wood) for cooking throughout their life have 4 times higher risk of lung cancer as compared to those who have used clean energy. Coal furnace, a very popular mean of domestic heating, is related to 2 times greater risk of lung cancer versus clean energy. Also, a relatively large percentage of people use coke stoves or heatable brick beds, and their usage is related to even greater risk of lung cancer than coal furnaces. Heatable brick bed exposure is associated with a eightfold greater risk of lung cancer versus clean energy for heating or no heating. Combustion for heating the bed occurs in the bedroom where people are exposed to it every night during the winter. Since no windows are open during winter nights, all pollutants emitted from combustion accumulate in the bedroom to high levels. Thus, this heating method, in particular, should be abolished.
In general, solid fuel combustion in the household is often incomplete because simple stoves influence fuel's mixing with air. About 10 % of coal is not fully combusted. The incomplete combustion results in high emission of various gaseous and particle carcinogens, including sulfur dioxides, carbon monoxide, carbon dioxide, nitrogen oxides, PAH, formaldehyde, heavy metals, and particulate matter [41, 42] . These air pollutants have been found associated with morbidity and mortality from various diseases, especially respiratory diseases, including lung cancer [43, 44] . Both gas-phase and particle-phase pollutants contain compounds that are carcinogenic (PAH, benzene, formaldehyde), probably carcinogenic (1,3-butadiene), and possibly carcinogenic to humans [35] . In particular, PAHs and PAH derivatives found in coal smoke exhibit strong mutagenicity [35] . The current study was conducted in Taiyuan city. The city is built on heavy industry, in particular, the coal industry. Because of the large quantity of coal produced, coal has been the dominant source of energy in this area, and using coal for both cooking and heating has been very common. Local coal in Taiyuan has a high concentration of sulfur, which often leads to high emission of sulfur dioxide when it is combusted. The average ambient SO 2 in 5 monitor stations varied from 177 to 231 lg/m 3 in Taiyuan city in 2000 [45] , and sulfur-rich particles account for 10.7 % of total particles in Taiyuan [46] . SO 2 is also associated with higher lung cancer incidence [47] . Coal consumption accounts for 65 % share of the primary energy consumption in 2002 in China, and it has been predicted that if smoking and solid fuel use remain at current levels between 2003 and 2033, 74 % of lung cancer deaths will be attributable to the combined effects of smoking and solid fuel use [48] .
Other than pollutants produced by fuel combustion, Chinese cooking also generates carcinogenic air pollutants. In current study, we found that those women who cook more than twice a day have more than 2 times increased risk for lung cancer. Our findings are in line with previous observations [49] [50] [51] [52] [53] [54] [55] . Chinese dish cooking often involves stir, frying, and deep-frying, which all tend to heat oil to very high temperature. The heated oil produces various volatile compounds including carcinogens such as benzo[a]pyrene and 2,4-decadienal. IARC has classified high-temperature frying as Group 2 carcinogen [56] . A study also found that women who engaged in regular home cooking had significantly higher levels of mercapturic acids of acrolein, crotonaldehyde, and benzene, which are multiorgan carcinogen [57] . Another study observed higher levels of DNA damage biomarkers, urinary 1-hydroxypyrene (1-OHP), urinary 8-hydroxy-2 0 -deoxyguanosine (8-OHdG), in kitchen staff than that in service staff in Chinese restaurant [58] .
Our results also suggested that house layout and ventilation-related characteristics play important roles in the risk of lung cancer. Females who lived in larger and betterventilated houses, such as multi-story houses and houses with more windows, separate kitchens, installed ventilators, and having windows open more frequently, experienced lower risk than those who lived in small and poor-ventilated houses. Since females stay home longer time and cook more frequently, housing-related exposure has much stronger influence on them than on males.
Indoor PM levels, their relationships with indoor exposure and risk of lung cancer
In the last few decades, standards for ambient air pollution have been established in most countries, and their regulation has significantly improved. However, not much has been done for indoor air pollution, such as monitoring indoor exposure, establishing standard guidelines, and regulating pollution levels. As the current study has demonstrated, indoor air pollution exposure is complicated due to multiple sources, various pollutants, and pollution levels. Assessing indoor air pollution level is critical, but also challenging. 10 (230 lg/m 3 ) levels in this study are about 2.5 and 5 times higher, respectively. During the summer, indoor PM levels were higher than outdoor since cooking-related indoor activity increased indoor pollution levels. During winter, because of domestic heating emissions to ambient air, most outdoor PM levels are higher than indoor levels. PM 1 is the only particulate class that is higher indoors than outdoors in cases during winter, which may be due to the heavy combustion of heating and cooking. We also observed that indoor PM levels are correlated with indoor air pollution exposure. The current study found that using solid fuel for cooking, solid fuel for heating, and inadequate ventilation in the kitchen can significantly increase PM levels of all sizes during winter. In particular, solid fuel for cooking can increase PM to 3 times non-cooking levels. Another study reported that coal-burning particles account for 16.3 % of the total number of particles, reflecting the intensity of coal consumption in Taiyuan area [46] . However, no significant association between solid fuel for cooking and PM levels was observed during summer, although there were slight non-significant increases in PM levels among those without ventilators installed in their kitchens. The results verified our findings that house ventilation-related characteristics, including more windows in the house, having windows open more often, and having a ventilator in kitchen, play an important role in reducing indoor air pollution level. A third observation from the current study is that smaller PM is more important than bigger PM. Our results show that indoor PM 1 levels are much higher in the case group than in the control group. Every 10 lg/m 3 increase in PM 1 is associated with 45 % increased risk of lung cancer. PM 1 is one of the major bioactive fractions of PM pollution, and these very small particles can stay in air for a longer time than larger particles. Unlike PM 10 deposited predominantly in the nose and throat and cleared by exhalation or mucociliary clearance and swallowing, PM 1 can penetrate into lower airways and alveoli and translocate to the circulation [59] [60] [61] [62] . PM contains various compounds that have both oxidative and carcinogenic properties. PMinduced oxidative stress has been hypothesized as a mechanism through which inflammation and oxidative damage are associated with the increased risk of cancers [63] [64] [65] . Smaller PMs that translocate into the circulation not only induce airway inflammation, but also systemic inflammation and oxidative damage. Although outdoor PM exposure has been found significantly associated with lung cancer risk and mortality in previous studies, less research has demonstrated indoor PM level and lung cancer risk since lacking of indoor PM monitoring.
Study limitations
The study has limitations in several aspects. First, our conclusions are largely based on interview data since indoor PM levels we measured are current exposure. The fact significantly limits the study's ability of suggesting causal association between measured PM level and lung cancer risk. However, indoor PM levels are closely related to residents' lifestyle and indoor activities, which are relatively consistent over years in each household. The observed association between PM levels and indoor pollutants exposure in the study supported the assumption. Under the assumption, if residents did not change their indoor activity significantly, the measured PM levels might partially represent past indoor air pollution level. On the other hand, because indoor air quality in Taiyuan has been improved over the last decade, the association based on currently measured PM data may be underestimated. Thus, we would like to take precautions before making any conclusion based on the current measurement of PM levels. Second, the sample size of the study is relatively small for conducting stratified analyses. The small sample size also limits our possibility to evaluate the potential association between indoor air pollution and lung cancer risk among non-smoking males. Results from this study will need to be confirmed by larger studies. Third, as with most case-control studies, recall bias might occur since patients may tend to report their exposure more than controls do, and this may lead to misclassification.
Conclusion
In a Chinese population, indoor air pollution played a critical role in the development of lung cancer among nonsmoking females. Indoor PM levels were associated with pollutants exposure and might serve as a good measurement of indoor air quality.
